Calcitriol, the active form of vitamin D, has been well documented to act directly on immune cells and malignant cells. Activated T cells are one of the best characterized targets of calcitriol, with effects including decreasing inflammatory cytokine output and promoting anti-inflammatory cytokine production. However, the effects of calcitriol on natural killer (NK) cells are less clear. Reports suggest that only immature NK cell populations are affected by calcitriol treatment resulting in impaired cytotoxic function and cytokine production, while mature NK cells may have little or no response. NK cell large granular lymphocyte leukemia (NK-LGLL) is a rare leukemia with CD3-CD16+CD56+NK cell clonal expansion. The current standard treatments are immunosuppressant therapies, which are not curative. The Janus kinase (JAK) -signal transducer and activator of transcription (STAT) pathway is hyperactivated in LGLL and is one pathway of interest in new drug target investigations. We previously demonstrated the ability of calcitriol to decrease STAT1 tyrosine 701 (p-STAT1) and STAT3 tyrosine 705 (p-STAT3) phosphorylation as well as inflammatory cytokine output of T cell large granular lymphocyte leukemia cells, but did not determine the effects of calcitriol on NK-LGLL. Therefore, in the present study, we investigated whether NKL cells, a model of NK-LGLL, and NK-LGLL patient peripheral blood mononuclear cells (PBMCs) are susceptible to treatment with calcitriol or seocalcitol (EB1089), a potent analog of calcitriol. NKL cells are dependent on interleukin (IL)-2 for survival and we show here for the first time that treatment with IL-2 induced tyrosine phosphorylation of STATs 1 through 6. Both calcitriol and EB1089 caused significant upregulation of the vitamin D receptor (VDR). IL-2 induction of p-STAT1 and p-STAT3 phosphorylation was significantly decreased after calcitriol or EB1089 treatment. Additionally, IL-10, interferon (IFN)-γ, and FMS-like tyrosine kinase 3 ligand (Flt-3L) extracellular output was significantly decreased at 100 nM EB1089 and intracellular IL-10 was decreased with either calcitriol or EB1089 treatment. We treated NK-LGLL patient PBMCs with calcitriol or EB1089 and found decreased p-STAT1 and p-STAT3 while VDR increased, which matched the NKL cell line data. We then measured 75 serum cytokines in NK-LGLL patients (n = 8) vs. age-and sex-matched normal healthy donors (n = 8), which is the first serum cytokine study for this LGLL subtype. We identified 15 cytokines, including IL-10 and Flt-3L, which were significantly different between normal donors and NK-LGLL patients. Overall, our results suggest that activating the vitamin D pathway could be a mechanism to decrease STAT1 and 3 activation and inflammatory cytokine output in NK-LGLL patients.
Introduction
Large granular lymphocyte leukemia (LGLL) is a rare cancer that accounts for 2-5% of chronic mature lymphoproliferative disorders of the T cell or natural killer (NK) cell lineage [1] . Patients with the more common subtype of this cancer exhibit an expansion of primarily CD3+CD8+CD57+T cells (∼85%), while individuals with the less common subtype exhibit an expansion of primarily CD3-CD16+CD56+NK cells (∼10%) [1] . An aggressive form of NK-LGLL is seen in < 5% of LGL disorders, typically in Asia, and is associated with Epstein-Barr virus [2, 3] . Diagnosis of LGLL is established by increased lymphocyte count and confirmation of the expanded T cell or NK cell population by flow cytometry [1, 2] . T-LGLL clonality can be established by the T cell receptor (TCR) rearrangement test; however, NK cells do not express TCR, so skewed killer-cell immunoglobin-like receptors can suggest but not establish clonality [1, 2] . The chronic form of LGLL can be managed by a watch-and-wait approach, or treated with immunosuppressant therapies for symptomatic neutropenia or anemia [2] . While the immunosuppressant treatment is usually effective, it is not curative [1] . Furthermore, few clinical trials/studies have been conducted to assess these current therapies and novel agents [1] . Therefore, there is a critical need to identify new drug targets specific for LGLL, which can be accomplished by identifying the fundamental differences between the NK and T cell forms of this leukemia.
One unifying characteristic shared between NK-and T-LGLL is the augmented activity of the Janus kinase (JAK) -signal transducer and activator of transcription (STAT) pathway. Our lab has previously shown that STAT1 and STAT3 are constitutively active [4] and hyperphosphorylated [5] in T-LGLL and that STAT3 or STAT5 can exhibit somatic activating mutations in NK-or T-LGLL [6] [7] [8] [9] . Target genes of STATs include cytokines, thus dysregulation of the pathway can cause overproduction of cytokines [10] . The cytokines secreted from the cell can induce activation of the JAK-STAT pathway [11] ; therefore, this paracrine or autocrine stimulation can promote excessive JAK-STAT signaling and production of inflammatory cytokines.
Vitamin D has gained much recognition as an immune regulator, with most of the work being done in T cells. The active form of vitamin D, 1,25-(OH) 2 -D 3 , also called calcitriol, binds the vitamin D receptor (VDR) in the cytoplasm of the cell [12] . This causes a conformational change so VDR can bind its retinoid X receptor (RXR) binding partner, and this heterodimer moves to the nucleus to promote or repress transcription of certain genes [12] . This pathway turns off activated T cells by decreasing inflammatory cytokine production and STAT phosphorylation [13] [14] [15] [16] [17] . We previously showed this to be the case in T-LGLL patient peripheral blood mononuclear cells (PBMCs) in culture and in the TL-1 cell line, a model of T-LGLL [5, 18] . However, there are few reports about vitamin D effects in NK cells. One report showed a link between vitamin D deficiency and lack of transcription of a vitamin D pathway gene in NK cells [19] . Moreover, mature NK function was compromised after in vitro calcitriol treatment, however this study was performed with PBMCs and not isolated NK cells [20] . Another study found that treating umbilical cord blood CD34+ cells with calcitriol in a validated NK cell differentiation model yielded fewer NK cells and that they were impaired in their cytotoxic function and cytokine production, but no such effects were seen when treating mature NK cells [21] . Although calcitriol may affect precursor cells to suppress NK cell production it is unclear if a response is always elicited once NK cells have reached maturity. Overall, the effect of calcitriol on NK cell biology is not as well-defined as T cells and additional research is needed.
The goals of this report were two-fold. First we wanted to characterize if calcitriol or its potent analog seocalcitol (EB1089) [22] could reduce JAK-STAT signaling or viability in the NKL cell line, an established model of NK-LGLL [23] . We found that interleukin (IL-2) induced phosphorylation of STATs 1-6 in the NKL cell line. After 24 h, p-STAT1 and p-STAT3 phosphorylation and intracellular IL-10 were decreased with either calcitriol or EB1089 treatment. In addition, IL-10, interferon (IFN)-γ, and FMS-like tyrosine kinase 3 ligand (Flt-3L) output were significantly decreased with EB1089 but not calcitriol treatment. Both treatments caused significant upregulation of the vitamin D receptor (VDR). We recapitulated these studies in NK-LGLL patient PBMCs, showing decreased p-STAT1 and p-STAT3 and increased VDR. Therefore, vitamin D pathway upregulation in leukemic NK-LGL cells can selectively deactivate the JAK-STAT pathway. We conducted a serum cytokine study on NK-LGLL patient samples that measured 75 serum cytokines in age-and sex-matched NK-LGLL patients (n = 8) vs. normal healthy donors (n = 8). We identified 15 significantly changed cytokines in NK-LGLL patients, including Flt-3L and IL-10. Overall, our results suggest that activating the vitamin D pathway in NK-LGLL could decrease the JAK-STAT pathway signaling and corresponding inflammatory cytokine production.
Materials and methods

Human subjects and human serum samples
All human subjects were consented and samples were studied under IRB-approved protocols for the LGL Leukemia Registry at the University of Virginia (IRB-HSR#17000 "Large Granular Lymphocyte Leukemia Registry" and IRB #17070 "Pathogenesis of Large Granular Lymphocyte Leukemia.") The samples were isolated from confirmed NK-LGLL patients who showed an expanded NK-LGL cell population with typical cell surface markers [1] . Normal control sera were generously provided through a collaborative effort with Creative Testing Solutions, Tempe, Arizona.
Research STAT mutation testing
STAT mutation testing was performed as previously described [5] . Briefly, DNA from PBMCs was extracted on the Anaprep system (BioChain), amplified with premade primers, and submitted to Eurofins for Sanger sequencing.
Reagents
Calcitriol (1,25-(OH) 2 vitamin D 3 ) was purchased from Cayman Chemical (Cat #71820). EB1089 was purchased from R&D Systems (Cat #3993). RIPA lysis buffer (Cat #R0278) and protease and phosphatase cocktails (Cat #P8340, Cat #P5726), were all purchased from Sigma Aldrich. All antibodies were purchased from Cell Signaling Technology. FBS was purchased from Seradigm (Cat #97068-085). IL-2 was purchased from Miltenyi Biotec (Cat #130-097-743). Clarity enhanced chemiluminescence (ECL) reagent (Cat #170-5061) and PVDF membrane and paper stacks (Cat #170-4274), were purchased from BioRad. RPMI 1640 (Cat #10-040-CV), Pierce bicinchoninic acid (BCA) protein assay kit (Cat #PI23225), and SuperSignal West Femto Maximum Sensitivity Substrate (Cat #34096) were purchased from ThermoFisher Scientific. ReBlot Plus Strong Antibody Stripping Solution 10X was purchased from Millipore Sigma (Cat #2504). Polyacrylamide gels (4-12%) were purchased from Life Technologies (Cat #NW04125BOX). The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) Cell Proliferation Colorimetric Assay Kit was purchased from BioVision (Cat #K300-2500). Molecular weight markers used in western blotting were SeeBlue Plus2 PreStained Standard (ThermoFisher Scientific) and Flash Protein Ladder #51121659 and #51121660 (WorldWide Life Sciences Division).
Cell line and primary cells
The NKL cell line [23] , a model of aggressive NK-LGLL, was kindly provided by Dr. Howard Young at the National Cancer Institute. It was independently authenticated using short tandem repeat DNA profiling (Genetica DNA Laboratories). PBMCs (fresh or cryo-preserved) from NK-LGLL patients were isolated by Ficoll-hypaque gradient separation as described previously [24] . Cell viability was determined by Trypan blue exclusion assay. In the PBMC experiments, all patients had > 55% purity NK-LGL cells (based on blood flow cytometry data from at least one NK cell marker). In some cases, the flow cytometry data did not match the date of the sample used, so the closest clinical data to the sample date was used.
Cell culture
NKL cells were plated at a density of 1 million cells/mL unless indicated. NK-LGLL PBMCs were cultured overnight at 2 million cells/mL then plated at 1 million cells/mL for the experiment. Calcitriol was dissolved in 100% ethanol and EB1089 was dissolved in DMSO. Medium was RPMI 1640 supplemented with 10% FBS for NKL cells and PBMCs; NKL cells also received IL-2 (100 U/mL). All cells were maintained at 37°C, 5% CO 2 . Short-term IL-2 induction experiments (NKL cells) were incubated for 30 min, while calcitriol and EB1089 treatment experiments were incubated for 24 h at the doses listed. Appropriate negative controls included medium-only as a no treatment condition and ethanol or DMSO treated as a vehicle control, with the final percentage of ethanol or DMSO in the media always < 0.1%. Comparison of vehicle controls to no treatment controls (ntx) was conducted with the IL-10 NKL western blot data (Fig. 8 ). An unpaired two-tailed Student's t-test showed no statistical difference between ethanol and DMSO vehicles (data not shown).
STAT6 knockdown
STAT6 siRNA knockdown utilized the Invitrogen Neon Transfection System (Cat #MPK10096). NKL cells were plated at 2.5 million cells/ mL and treated with 50 or 100 nM SMARTpool ON-TARGETplus STAT6 siRNA (Dharmacon, Cat #L-006690-00-0005) or 50 nM ONTARGETplus Control Non-Targeting Pool siRNA (Cat #D-001810-01-05) for 48 h. Protein was harvested to assess the knockdown status via western blot. Knockdown percent was calculated by quantifying and normalizing STAT6 to β-actin for all three conditions, then normalizing the 50 nM and 100 nM siRNA to the scramble siRNA. This ratio was subtracted from 1, then multiplied by 100, to give the percent knockdown.
Western blot
Cells were washed with 1X PBS then lysed in a RIPA lysis buffer that contained protease and phosphatase inhibitors. Protein content was quantified using the BCA assay. Total protein (40 µg for NKL, 25 µg for NK-LGLL PBMCs) was loaded and electrophoresed on a 4-12% polyacrylamide gel and then transferred to a PVDF membrane, which was probed with primary antibody overnight at 4°C according to manufacturer standards. Primary antibodies used in these studies were: IL-10 (Cat #12163), PARP (Cat #9532), RXR-β (Cat #8715), pY701-STAT1 (Cat #7649), total STAT1 (Cat #9175), pY690 STAT2 (Cat #88410), total STAT2 (Cat #72604), pY705-STAT3 (Cat #9131), total STAT3 (Cat #9139), pY693 STAT4 (Cat #4134), total STAT4 (Cat #5097), pY694/699 STAT5 (Cat #9315), total STAT5 (Cat #94205), pY641 STAT6 (Cat #9364), total STAT6 (Cat #5397), VDR (Cat #12550), with β-actin as a loading control (Cat #3700). After washes, the membrane was probed with secondary antibody (anti-rabbit IgG-HRP linked #7074 or anti-mouse IgG-HRP linked #7076) for 1 h then treated with ECL substrate. For proteins at lower levels SuperSignal West Femto Maximum Sensitivity Substrate was used. Images were captured with a ChemiDoc instrument and analyzed using Image Lab software (BioRad). Some targets were probed on the same blot and thus the representative blot images may have the same β-actin loading control image shown. In the cases of STAT, blots were probed first with the phospho-protein antibody, then stripped and re-probed with the corresponding total protein antibody.
Viability assay
Cells were seeded at 25,000 cells/well and MTS Cell Proliferation Colorimetric Assay Kit was used to assess cell viability. Twenty μl of MTS reagent was added to each well after 24 h of calcitriol, EB1089 or control treatment. The reaction was incubated at 37°C, 5% CO 2 for 1 h, and formazan product was read on a plate reader (Biotek Cytation3 Imaging Reader) at 492 nm, according to the manufacturer's instructions. Data were normalized to the vehicle control. All conditions were done in quadruplicate.
Cytokine analysis
Banked NK-LGLL patient or normal donor serum samples were retrieved from -80°C storage and analyzed by the UVA Flow Cytometry Core by a Luminex MAGPIX bead-based multiplex analyzer. In this cohort, all 8 patients had > 47% purity NK-LGL cells (based on clinical blood flow cytometry data from at least one NK cell marker). In some cases, the flow cytometry data did not match the date of the sample used, so the closest clinical data to the sample date was used. At the time of sample collection, patient #1 was taking 10 mg/day prednisone, patient #2 was taking 10 mg prednisone every other day, and patient #6 was taking 20 mg/day prednisone. All other patients were not on any type of immunosuppressive treatment. The serum samples were analyzed on three panels for a total of 75 cytokines assayed: Human 41-plex, Human Cytokine/Chemokine Panel II, and Human Cytokine/ Chemokine Panel III (EMD Millipore). For any cytokine values outside of the individual cytokine range, the minimum or maximum range values were utilized, to ensure that we were not overestimating significance. For the NKL samples, the cells were treated for 24 h with calcitriol or EB1089, pelleted, then aliquots of the conditioned media were collected and stored at −80°C. The samples were analyzed by the same method, except using a custom panel of IFN-γ, IL-10, and Flt-3L.
Statistical analysis
All data, except the serum cytokine data, were initially analyzed using GraphPad Prism software version 7. An unpaired two-tailed Student's t-test was used to determine significance. P-values of < 0.05 were considered significant. Figure legends note where a repeated measures ANOVA was used to account for the same patient or cell line samples being studied under different levels of calcitriol or EB1089. The two sample t-test and confidence intervals were used to compare serum cytokine levels between leukemia and control serum samples. Analyses were carried out using the software package GAUSS, version 17.0 (Chandler, Arizona) after transforming cytokine levels to the natural log scale. The false discovery rate was controlled using the Benjamini-Hochberg procedure [25] .
Sequence alignments
Homo sapiens STAT6 protein sequences were retrieved and verified
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Results
Exogenous IL-2 induced activation of STATs 1-6 in the NKL cell line
The NKL cell line requires addition of IL-2 (100 U/mL) every 48 h for optimum viability, survival, and proliferation [23] . We first investigated which STATs were activated via tyrosine phosphorylation after treatment with IL-2, as IL-2 is known to activate STAT1, 3, 4, and 5 in NK cells [26] . We maintained the cells without IL-2 for 19 h (overnight), then treated with IL-2 (100 U/mL) for 30 min and assessed STAT phosphorylation changes. IL-2 induced phosphorylation of STATs 1-6 at 30 min compared to ntx (Fig. 1A-F) . For STATs 1-5, we observed STAT protein isoform patterns consistent with previous work in our lab or with the antibody manufacturer's information sheet. Interestingly, STAT6 showed three bands (Fig. 1F) instead of the 1 band at 100 kDa as predicted by the antibody manufacturer. The 30 min IL-2 induction of NKL cells revealed 3 bands for phospho-Y641 STAT6 (Fig. 1F, top  panel) ; therefore, all three isoforms appeared to be STAT6 and we confirmed this by three additional means. First, protein databases and molecular weight prediction tools indicated three STAT6 isoforms: Isoform 1, 847 amino acids, 94 kDa; Isoform 2, 673 amino acids, 75 kDa, and Isoform 3, 737 amino acids, 82 kDa (Supplemental Fig. 1A ). Second, a siRNA-mediated knockdown of STAT6 demonstrated a loss of all three isoforms in the NKL cell line ( Supplementary  Fig. 1B, C) . Third, three different molecular weight markers verified the isoform sizes (data not shown). Taken together, we showed that IL-2 induced activation of STATs 1-6 via tyrosine phosphorylation, and that three isoforms of STAT6 are present in the NKL cell line.
Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.cyto.2018.09.016.
Calcitriol treatment significantly reduced phosphorylation of STAT1 and STAT3 and significantly upregulated VDR protein
We wanted to determine whether calcitriol, the active form of vitamin D, decreased STAT tyrosine phosphorylation, as we previously observed in our T-LGLL studies [5] . We treated the cells with IL-2 and calcitriol (0.1-100 nM). At 24 h, we harvested both the conditioned media and the cells. Calcitriol significantly decreased the p-STAT1 (panel A, 100 nM dose) and p-STAT3 (panel C, 10 and 100 nM doses), but did not decrease tyrosine phosphorylation on the other STAT proteins (Fig. 2B, D-F) . VDR protein significantly increased upon 1, 10, and 100 nM calcitriol treatment (Fig. 3A) . RXR-β, the heterodimer binding partner for VDR, remained unchanged at the protein level (Fig. 3B) . Taken together, these results show that calcitriol caused robust upregulation of VDR protein levels with significant decrease in STAT1 and STAT3 tyrosine phosphorylation in the NKL cell line.
EB1089 treatment significantly reduced phosphorylation of STAT1 and STAT3 and significantly upregulated VDR protein
EB1089 is a potent analog of calcitriol that has been shown to block tumor growth and cause apoptosis [27] . Thus, we aimed to evaluate the potency of this analog relative to calcitriol in the NKL cell line. We repeated the experiment described above using EB1089 in place of calcitriol. EB1089 significantly decreased p-STAT1 and p-STAT3 at multiple doses at 24 h (Fig. 4 , panels A, C), but did not decrease tyrosine phosphorylation on the other STAT proteins (Fig. 4B, D-F) . The levels of VDR protein were significantly increased at 1, 10 and 100 nM EB1089 (Fig. 5A) . RXR-β, the heterodimer binding partner for VDR, remained unchanged at the protein level (Fig. 5B) . These data show that compared to calcitriol, EB1089 exhibited similar ability to decrease STAT3 phosphorylation and upregulate VDR, respectively, but was more potent in decreasing STAT1 phosphorylation.
Viability of the NKL cells is unchanged by calcitriol or EB1089 treatment
Since STAT1 and STAT3 have been identified as drivers of LGLL, we next assessed whether reduced activation of these STATs induced NKL apoptotic cell death or loss of viability. Our lab has previously shown that PARP is cleaved in NKL cells undergoing apoptosis [28] . After treatment with calcitriol or EB1089, NKL cells only exhibited the full- length isoform of PARP (Fig. 6A) , which suggests that the NKL cells do not undergo apoptotic cell death as a result of treatment for 24 h. Furthermore, viability assays with both calcitriol and EB1089 showed that NKL cell viability remained close to 100% up to the highest dose of 100 nM (Fig. 6B ) at 24 h. We did see a modest statistically significant decrease at 10 nM EB1089 (corresponding to a 15% decrease) but this significance was not maintained at the 100 nM EB1089 treatment (11% decrease). A longer timepoint of 48 h was carried out with calcitriol, showing only at the 100 nM calcitriol dose a modest but significant 10% viability reduction (data not shown). Thus, we conclude that neither 
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calcitriol nor EB1089 caused a biologically significant decrease in NKL cell viability.
NKL cell line cytokine production changes with EB1089 treatment
We wanted to establish that calcitriol or EB1089 cause changes in NKL cell line cytokine production. We examined levels of IFN-γ, IL-10, and Flt-3L in 24 h conditioned media from NKL cells treated with calcitriol or EB1089 using a custom Luminex panel. The rationale for the cytokines were from our previous work [5, 18] and published literature. IFN-γ is a pro-inflammatory cytokine that is associated with worse disease state in multiple malignancies and autoimmune disorders [29] [30] [31] . IL-10 is classically known as an anti-inflammatory cytokine, but recent work has shown it has pro-inflammatory properties [32] [33] [34] . Data from three independent experiments were quantified to determine relative expression levels for phosphorylated STATs 1-6 and quantification is shown to the right of each representative western blot. The fold change in the graphs represents the ratio of p-STAT to corresponding total STAT. For STATs with multiple isoforms, the isoform quantifications were combined to give one value for each STAT. Repeated measures ANOVA was used to determine significance of EB1089 treatment compared to 0 nM vehicle control ( * p < 0.05, ** p < 0.01, *** p < 0.001). For graphical representation, the vehicle control was set to 1. Data from three independent experiments were quantified to determine relative expression levels and quantification is shown to the right of each representative western blot. The fold change in the graphs represents VDR or RXR-β over corresponding β-actin. Repeated measures ANOVA was used to determine significance of EB1089 treatment compared to 0 nM vehicle control ( * p < 0.05, ** p < 0.01, *** p < 0.001). For graphical representation, the vehicle control was set to 1.
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Flt-3L levels can be elevated in hematological malignancies and autoimmune diseases [35] [36] [37] [38] . Our results showed that calcitriol did not significantly change secreted IFN-γ, IL-10, or Flt-3L ( Fig. 7 A-C) . IFN-γ and IL-10 significantly decreased at 1, 10, and 100 nM EB1089 treatment ( Fig. 7D and E) . The Flt-3L change was more modest, showing a significant decrease only at the highest dose (100 nM) of EB1089 (Fig. 7F) . Intracellular IL-10 significantly decreased at 1, 10, and 100 nM calcitriol or EB1089 treatment (Fig. 8) . Intracellular IFN-γ was not detectable by western blot (data not shown). We did not probe for intracellular Flt-3L since it did not change as drastically at the extracellular level as the other two cytokines. Taken together, these data suggest that activating the vitamin D pathway can decrease secreted cytokine production.
Activating the vitamin D pathway in NK-LGLL patient PBMCs decreases p-STAT1 and p-STAT3 and increases VDR
We next validated our NKL cell line findings in five NK-LGLL PBMC samples. Information about these patients (#4, 9-12) can be found in Supplemental Table 1 . Each patient sample was treated with 100 nM calcitriol or EB1089 or their respective vehicle controls. At 24 h, we harvested the cells. Fig. 9A shows the western blot data for all samples, with a representative β-actin blot. All patient samples showed a change in at least one of the targets tested (STAT1, STAT3, or VDR). The bands were quantified, data combined, and represented as bar graphs in Fig. 9B . While both calcitriol and EB1089 treatments induced significant VDR upregulation, only calcitriol showed significant p-STAT1 
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decrease and p-STAT3 trended toward significance (p = 0.085). IL-10 and IFN-γ were not detectable. Taken together, NK-LGLL patient PBMCs respond to calcitriol or EB1089 treatment, and these data recapitulate the findings in the NKL cell line.
NK-LGLL patient serum has altered cytokines compared to normal controls
We validated cytokine significance in NK-LGLL by comparing the serum of eight NK-LGLL patients (NK-LGLL #1-8) to eight normal ageand sex-matched donors (Normal Donor #1-8). Additional information about these samples can be found in Supplemental Table 1 . Of the 75 cytokines that were assayed, 15 cytokines were statistically significantly different in NK-LGLL versus normal controls (Fig. 10) . Eosinophil chemotactic protein (EOTAXIN)-2/CC chemokine ligand (CCL) 24 and epidermal growth factor (EGF) were significantly decreased while interferon gamma-induced protein 10 (IP-10), TNF-related apoptosis-inducing ligand (TRAIL), monokine induced by gamma interferon(MIG)/chemokine (C-X-C motif) ligand (CXCL)9, Flt-3L, macrophage inflammatory protein (MIP)-3β/CCL19, stromal cell-derived factor 1(SDF-1)α+β/CXCL12, granulocyte-colony stimulating factor (G-CSF)/CSF-3, granulocyte-macrophage colony stimulating factor (GM-CSF), MIP-1β, B cell-attracting chemokine (BCA)-1, Lymphotactin/(X-C motif chemokine ligand (XCL)1, IL-10, and IL-6 were all significantly increased in NK-LGLL versus normal healthy controls. This NK-LGLL patient cohort can be divided into n = 4 wt STAT3 and n = 4 mutant STAT3. Further analysis showed no significant difference between these groups in the 15 cytokines mentioned above, although TRAIL and Flt-3L trended toward significant elevation in the mutant STAT3 group with p-values of 0.069 and 0.064, respectively. Scatterplots of these data are located in Supplemental Fig. 2 . Taken together, this is the first NK-LGLL serum cytokine analysis reported, which has Fig. 8 . Intracellular IL-10 levels in NKL cells in response to calcitriol or EB1089 treatment. The total protein samples from the three independent experiments in Figs. 2-5 were probed for intracellular IL-10 via western blot. Total protein loaded per sample was 40 µg with β-actin used as a loading control. Representative western blots of IL-10 ( Fig. 9A, B) are shown. Data from three independent experiments were quantified to determine relative expression levels and quantification is shown to the right of the representative blots. The fold change in the graphs represents IL-10 over corresponding β-actin. Repeated measures ANOVA was used to determine significance compared to 0 nM vehicle control ( * p < 0.05, ** p < 0.01, *** p < 0.001). For graphical representation, the vehicle control was set to 1. Fig. 9 . NK-LGLL patient PBMCs treated with calcitriol or EB1089 show STAT1 and STAT3 phosphorylation decrease and VDR increase. NK-LGLL patient PBMC samples (#4, 9-12) were treated with 100 nM calcitriol or EB1089 or vehicle controls, for 24 h. Total protein loaded per sample was 25 µg with β-actin used as a loading control (A). The blots were quantified and graphed (B). The fold change in the graphs represent p-STAT over corresponding total STAT or VDR over β-actin. Repeated measures ANOVA was used to determine significance of treatment compared to 0 nM vehicle control ( * p < 0.05, ** p < 0.01). For graphical representation, the vehicle control was set to 1.
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both identified 15 cytokines that are significantly different in NK-LGLL patient serum versus normal healthy donor serum and identified uniqueness and overlap between NK-LGLL and T-LGLL serum cytokines.
Discussion
In this study, we found that the NKL cell line, a model of NK-LGLL, and NK-LGLL patient PBMCs are responsive to vitamin D treatment. To the best of our knowledge this is the first report to show protein-level STAT and VDR data upon calcitriol treatment in NK cells, and the only study of EB1089 treatment of any NK cell type. We have also reported the first serum cytokine analysis of NK-LGLL patients, demonstrating that uniquely elevated cytokines in this LGLL subtype provide opportunities for future studies.
STAT proteins are transcription factors whose target genes include a variety of cytokines [10] . Under normal circumstances, STATs 1 to 6 are well-orchestrated and work together to mediate appropriate NK cell development, including the timing of cytotoxic abilities [26] . It is known that IL-2 signaling in NK cells activates STATs 1, 3, 4, and 5, with no reports of STAT2 or 6 activation at this time [26] . In our study, we found activation of STATs 1 -6 in the NKL cell line (Fig. 1) , which likely contributes to uncontrolled cytokine production. Significant VDR upregulation was observed with calcitriol or EB1089 treatment, while RXR-β remained unchanged (Figs. 3 and 5 ). Both treatments significantly decreased p-STAT1 and p-STAT3 (Figs. 2 and 4 ) and intracellular IL-10 ( Fig. 8) . Extracellular IFN-γ, IL-10, and Flt-3L decreased only with EB1089 treatment (Fig. 7) . All these changes occurred without significantly altering cell viability, therefore cell death is not likely the cause of reduced cytokine production (Fig. 6 ). Similar results with STAT1, 3, and VDR were recapitulated in five NK-LGLL patient PBMC samples (Fig. 9) .
Neither treatment affected total STAT protein levels at the examined time points, which is consistent with our previous work [18] . One caveat is that our previous work only looked at reduction in activation of STATs 1 and 3 in the TL-1 cell line [5, 18] ; in this study, we report the phosphorylation status of STATs 1, 2, 3, 4, 5 and 6 in the NKL cell line and STATs 1 and 3 in NK-LGLL patient PBMC samples. Based on our results, we created a working model (Supplemental Fig. 3 ) that shows how vitamin D pathway activation reduces STAT1 and 3 phosphorylation with decreased cytokine production as the outcome. Importantly, these results show that NK cells can respond to vitamin D treatment, which may have beneficial effects for NK-LGLL patients by decreasing their inflammatory cytokine load [19] [20] [21] .
The literature consistently reports that vitamin D acts on chronically activated T cells by turning them off [13] [14] [15] [16] , but does not kill them [12] . We observed this effect in the NKL cell line in agreement with our previous work in the TL-1 cell line [5] . We used up to 100 nM of calcitriol or EB1089 on the NKL cell line and did not observe biologically significant decreases in cell viability (Fig. 6 ). It is interesting that tofacitinib, a JAK3 inhibitor, caused only approximately 9% apoptosis in CD8+T-LGLL cells, compared to CD8+ healthy control cells but still had clinical benefit in these patients [39] . This is similar to our 48 h calcitriol MTS cell viability data in the NKL cell line and suggests that vitamin D treatment could provide therapeutic benefit. Further evidence of reprogramming was observed when calcitriol and EB1089 decreased inflammatory cytokine production in NKL cells. This study and another from our lab have shown elevated IFN-γ in T-LGLL [40] , which others have shown can be correlated with worse disease progression and symptomology [31, 41] . In addition, in vitro studies with NK-LGLL patient PBMCs have shown here that STAT1 and STAT3 phosphorylation can be decreased with simultaneous VDR increase (Fig. 9) . It is known that STAT proteins transcribe inflammatory cytokine genes [10] . Therefore, decreasing p-STAT1 and p-STAT3 in NK-
LGL leukemic cells should consequently decrease inflammatory cytokine production. Presumably, these effects are due to the robust upregulation of VDR (Figs. 3 and 5 ). Of interest, EB1089 exhibited more potency than calcitriol in the NKL cells by significantly decreasing p-STAT1 at lower doses and being the only agent to significantly decrease IL-10, IFN-γ, and Flt-3L extracellular output (Fig. 7) . This is not surprising, as many studies have reported EB1089 is more potent than its natural counterpart [42] [43] [44] [45] . This may be due to EB1089 being metabolized differently than calcitriol [46] and thus having a longer halflife.
Our study indicates that activation of the vitamin D pathway results in decreased inflammatory cytokine production. Understanding which inflammatory cytokines are important in NK-LGLL pathogenesis led us to measure 75 cytokines in NK-LGLL patient serum samples that were sex-and age-matched to eight normal donor serum samples (Fig. 10) . Of these 75 cytokines, 15 were significantly different between NK-LGLL patients and normal donors. While cell types besides leukemic LGLs can contribute to cytokine production, this cohort of patients had > 47%
LGL purity, suggesting these cells would be significant contributors to serum cytokine levels. These cytokines have overlapping and unique aspects in their functions.
Three cytokines we studied in the context of the NKL cell line were IFN-γ, IL-10, and Flt-3L. IFN-γ plays a pro-tumorigenic role in many malignancies and is significantly elevated in T-LGLL patient serum [40] likely due to decreased negative regulation [47, 48] . Our previous work in T-LGLL showed potential for calcitriol to reduce IFN-γ levels [5, 18] . Although the NKL cell line produced a 10-fold lower level of extracellular IFN-γ compared to TL-1 [5, 18] , we did observe that 100 nM EB1089 caused a significant decrease in IFN-γ output (Fig. 8F) , suggesting this inflammatory cytokine can be lowered in NK-LGLL. Vitamin D treatment increased IL-10 production in T cells, reprogramming them to a less inflammatory T-helper 2 cell type [12] . However, more recent data have suggested that IL-10 may have pro-inflammatory properties [32] [33] [34] . It is also a known transcriptional target of STAT3 and can positively regulate STAT3 signaling [49] . Our work with the NKL cell line shows that calcitriol or EB1089 treatment significantly decrease intracellular IL-10 ( Fig. 8) but only EB1089 decreases extracellular IL-10 ( Fig. 8B) . Therefore, IL-10 appears to have dual functions depending on the environment. Extracellular Flt-3L levels were significantly decreased by 100 nM EB1089 (Fig. 8F) . Elevated Flt-3L levels have been reported in several chronic autoimmune diseases such as in serum, synovial fluid, and synovial tissue of rheumatoid arthritis patients [35] , serum of patients with primary Sjogren's syndrome [37] , and serum of dermatomyositis systemic sclerosis, scleroderma spectrum disorder, and mixed connective tissue disease patients [38] . Therefore, vitamin D treatment may be beneficial in lowering this cytokine.
The elevation of multiple cytokines that are typically orchestrated in non-disease settings may contribute to NK-LGLL symptoms. BCA-1/ CXCL13, EOTAXIN-2/CCL24, IP-10/CXCL10, MIG/CXCL9, MIP-3β/ CCL19, MIP-1β/CCL4, SDF-1α/β/CXCL12, and XCL/Lymphotactin are all classified as chemokines with their typical function being recruitment of leukocytes [11] . Recent work by our lab and collaborators found IP-10/CXCL10 was elevated in T-LGLL vs. normal controls [50] . G-CSF/CSF-3 and GM-CSF are colony stimulating factors that typically target stem cells in the bone marrow for the purpose of granulocyte production [11] . TRAIL, which our lab has found to be elevated in LGLL [51] , is a tumor necrosis family ligand that typically induces apoptosis through a death receptor [52] . Epidermal growth factor (EGF) can signal through STAT5 in trophoblastic cell lines [53] , but its potential role in leukemia is currently unclear. IL-6 activates STAT3, a driver of LGLL, and was significantly elevated in T-LGLL serum compared to normal controls [40, 54] . Future work will investigate understanding what role each cytokine plays and whether the vitamin D pathway can turn off their production. Analysis of the WT (n = 4) vs. mutant (n = 4) STAT3 status of this NK-LGLL patient cohort showed no significant difference between these groups in the 15 cytokines mentioned above (Supplemental Fig. 2 ). Due to the small sample size, varying LGL and STAT3 mutation purity [55] , and STAT3 mutation heterogeneity, a larger study would need to be conducted to validate this finding.
In this current study, we quantified serum levels of cytokines measured in previous T-LGLL studies [40, 50, 56 ], but we also assayed additional cytokines that were not considered in the past. This provided a basis for comparison and the opportunity to identify potential future targets. Importantly, the cytokines assessed were not completely overlapping in these three studies. From the overlapping cytokines, we found some potential biomarkers to pursue. Several studies found IL-6 and/or TRAIL were elevated in T-LGLL serum/plasma samples [40, 50, 51, 54] , which we also observed in the NK-LGLL patients in this study. Interestingly, all three T-LGLL studies showed IL-8 was significantly elevated in T-LGLL compared to normal donors. However, in our NK-LGLL study, IL-8 was not significantly different. Of interest is IL-10, which we found to be significantly elevated in NK-LGLL but was previously not different in T-LGLL compared to healthy donors [40] . This current study used a more sensitive and specific technique than past work [56] , and combined with the previous studies shows NK-and T-LGLL may have unique cytokine profiles, and therefore may require unique treatments.
In conclusion, our report is the first to show that calcitriol or EB1089 treatment of NKL cells or NK-LGLL patient PBMC samples causes intracellular changes that may lead to a less inflammatory cell type. Our novel NK-LGLL serum cytokine report shows that patients have elevated inflammatory cytokines. Hence, vitamin D may lower inflammatory cytokines in patients and provide a therapeutic benefit. Future work will involve understanding the interplay of the vitamin D pathway and cytokine production in NK-LGLL.
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